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ABSTRACT

Background: The prevalence of obesity and metabolic diseases continues to rise globally. The increased consumption of unhealthy energy-rich
diets that are high in fat and sugars results in oxidative stress and inflammation leading to hypothalamic dysfunction, which has been linked with
these diseases. Conversely, diets rich in polyphenols, which are phytochemicals known for their antioxidant and anti-inflammatory properties, are
associated with a reduced risk for developing metabolic diseases.
Scope of review: This review provides an overview of the effects of polyphenols against diet-induced hypothalamic dysfunction with respect to
neural inflammation and mitochondrial dysfunction. Results show that polyphenols ameliorate oxidative stress and inflammation within the
hypothalamus, thereby improving leptin signaling and mitochondrial biogenesis. Furthermore, they protect against neurodegeneration by
decreasing the production of reactive oxygen species and enhancing natural antioxidant defense systems.
Major conclusions: The potential of polyphenols as nutraceuticals against hypothalamic inflammation, mitochondrial dysfunction, and neu-
rodegeneration could hold tremendous value. With hypothalamic inflammation increasing naturally with age, the potential to modulate these
processes in order to extend longevity is exciting and warrants exploration. The continued escalation of mental health disorders, which are
characterized by heightened neuronal inflammation, necessitates the furthered investigation into polyphenol therapeutic usage in this regard.
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1. INTRODUCTION

Obesity is a multifactorial disorder of energy balance and represents
one of the single most important modifiable risk factors for the
development of various metabolic diseases such as type 2 diabetes
mellitus and cardiovascular and neurodegenerative disorders [1e4].
The preservation of homeostasis is integral for the maintenance of
health [5], with the disruption of principle components controlling these
processes leading to the onset and progression of disease [6]. The
hypothalamus is a key region in the brain controlling important bodily
functions, such as heart rate and blood pressure, peripheral glucose
and lipid energy homeostasis, as well as regulating sleep and circadian
rhythms and aging [7e10].
The prevalence of obesity is rising at an unprecedented rate, with
unhealthy diets and physical inactivity shown to be the main
contributing factors [11]. Over-nutrition related to unhealthy diets
can dysregulate key hypothalamic processes, through an elicited
inflammatory response. In recent years, it has been established
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that a sustained hypothalamic inflammatory state is regarded as
the primary cause for the development of obesity, occurring in part
due to molecular and functional resistance to hormonal signals
such as insulin and leptin, thereby affecting whole-body energy
homeostasis [12e14]. Apart from mediating the roles of leptin and
insulin in controlling energy homeostasis, hypothalamic nuclei are
also critically dependent on mitochondria to fulfill their appropriate
functions [15]. Mitochondria are cytoplasmic double-membraned
organelles that are primarily involved in energy generation as
well as have a secondary role in a myriad of key cellular regulatory
processes such as calcium signaling, cell growth and differentia-
tion, cell cycle control and cell death [16,17]. Over-consumption of
unhealthy, high-energy diets can compromise mitochondrial bio-
energetics, with loss of function being implicated in the patho-
genesis of several human diseases including obesity and diabetes
[15,17e19].
The promotion of healthy lifestyles, such as encouraging good nutri-
tional choices, together with maintenance of adequate levels of
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exercise could go a long way in managing these largely preventable
metabolic disorders. A quality diet is based on a variety of foods
(mostly from plant sources) that have undergone limited processing
[20]. The Mediterranean diet has gained considerable popularity in this
regard; it is believed that the beneficial health effects of this diet are
conferred by the high polyphenol (PPs) content [21]. As such, dietary
PPs are increasingly investigated as nutraceuticals against metabolic
diseases [22]. It is speculated that PPs exert their beneficial health
benefits in part through the modulation of hypothalamic inflammation
and oxidative stress, which may facilitate and potentiate the func-
tionality of several neural hormones acting within this brain region [23],
although further research is required given the difficulty in determining
these effects in humans.
Accumulating evidence shows the potential of dietary PPs to prevent or
delay disease progression through the regulation of mitochondrial
redox status [17]. The better a species is at protecting its mitochondria,
the longer the species lives [24]. Thus, PPs may represent suitable
therapeutic agents capable of protecting mitochondria, which may be
useful for increasing longevity.
Nutrition can have a profound effect on brain function, and, in recent
years, increasing efforts have been aimed at maximizing brain health
and thereby cognitive ability. The hypothalamus is particularly
vulnerable to dietary changes and dysregulation of key processes plays
a meaningful role in the pathogenesis of disease. This review will
describe the effect of diet-induced hypothalamic dysfunction with
respect to inflammation and neural mitochondrial dysfunction in the
development of metabolic syndrome. The use of PPs to mitigate the
deleterious effects of diet on hypothalamic dysfunction in animal
studies is reviewed, and we investigate the potential of such plant
products as possible therapeutic agents.

2. HYPOTHALAMIC HEALTH AND VITALITY

The hypothalamus is positioned at the base of the brain near the blood-
brain barrier (BBB) and is perfectly poised to ‘monitor, process and
then’ transmit environmental information to the peripheral organs [7].
A primary function of this neuronal center is to control energy ho-
meostasis, through regulating feeding behavior and energy expendi-
ture to maintain bodyweight [25]. To this end, circulating blood-borne
factors of hunger and satiety in relation to nutrient availability need to
traverse the BBB to reach effector neurons [26]. Specialized glial cells,
called tanycytes, regulate BBB plasticity and allow the passage of key
molecules such as leptin and insulin, which thereafter bind to specific
neurons located within the arcuate nucleus (ARC) [27]. The ARC
contains the antagonistic orexigenic and anorexigenic neurons [28],
which stimulate appetite and promote satiety, respectively. The
orexigenic agouti-related peptide and neuropeptide Y stimulate
appetite [29], while, opposingly, the anorexigenic effect is achieved
through secretion of proopiomelanocortin (POMC) and cocaine and
amphetamine regulated transcript, which decreases food intake [30].
During obesity there is an imbalance between insulin stimulated leptin-
induced anorexigenic and orexigenic signaling, which results in an
over-expression of neuropeptide Y/agouti-related peptide with a
concomitant reduction of POMC/cocaine and amphetamine regulated
transcript leading to a diminished satiety signal and hyperphagia [31].
Apart from a role in nutrient sensing and energy metabolism, other key
physiological processes such as thermogenesis, cardiovascular ho-
meostasis, growth and development, as well as reproduction are also
controlled by this brain region [7,8,27], as illustrated in Figure 1
It is hypothesized that the hypothalamus is the primary regulator of
aging in the entire body [7]. The aging brain exhibits increased levels of
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inflammation and oxidative stress [32], characteristics which are also
caused by an obesogenic diet. Given that these characteristics can
induce hypothalamic mitochondrial dysfunction and are involved in the
onset of age-related diseases, it is possible that they accelerate the
aging process [33e35].
Mitochondrial function is essential for energy production, which is
required for physical and mental vitality, endurance, and the
continuation of life itself. Neurons are high-energy-requiring cells,
with the mitochondrial machinery being pivotal in ensuring this
constant energy supply [36], but these energy-producing centers can
become fragmented due to unhealthy energy-dense diets [18]. The
mitochondrial network is pivotal in integrating various metabolic
signals such as ATP levels, indicators of oxidative and endoplasmic
reticulum stress, inflammatory responses, as well as cell signaling,
all of which are key processes that become dysregulated during
disease pathology [33]. Diet and nutrition represent a modifiable
mechanism to optimize mitochondrial efficiency and can be useful to
prevent disease.

3. THE HIGH-ENERGY FOOD ENVIRONMENT

In modern times, with long work hours, reduced sleep and elevated
levels of daily-stressors, the addition of a high-energy food envi-
ronment incrementally increases the susceptibility of individuals to
the development of obesity [37e39]. There has been a marked
transition away from traditional food, to what is regarded as the
“western” or “cafeteria” diet, comprised of highly processed,
energy-dense foods containing elevated levels of sugar, salt, and
saturated fat, which is often accompanied by a simultaneous
decreased intake of protein, unprocessed fruit and vegetables, un-
refined carbohydrates and fiber [40]. This type of high-energy, low-
nutrient food environment is associated with the rise in obesity,
which increases the risk profile for the development of several non-
communicable diseases [41]. Unhealthy lifestyle habits, like reduced
physical activity and increased consumption of readily available
highly-palatable energy-dense foods, is a combination that amounts
to excess caloric intake with reduced energy expenditure, contrib-
uting to a low-grade chronic inflammatory state, which is associated
with disease pathophysiology [42].
On an evolutionary timeframe (over the last half century), the human
brain is being challenged in a manner and on this scale that it has not
quite experienced in the past. Already 2.1 billion people, accounting
for almost 1/3 of the global population, are affected by obesity, and
its prevalence is still increasing, especially among children [43]. Due
to the chemosensory nature of the tanycytes, the hypothalamus is
particularly susceptible to the modern-day food environment, which
affects other brain regions to a lesser extent [12,13,44]. However,
obesity induces neuro-inflammation that affects several brain regions
including the amygdala, hippocampus, and cerebellum [12]. The
nature of modern-day foods is that they provide both pleasurable and
rewarding qualities, which can be addictive. In this regard, food is
able to drive appetite beyond normal physiological metabolic re-
quirements [45]. The consequences of over-nutrition are evident
within society and can perfectly be illustrated by global obesity and
related non-communicable disease prevalence, and which is pro-
jected to only continue escalating in the future [46,47]. Non-
homeostatic hedonistic cues such as those resulting from reward,
motivation or pleasure arise from other non-hypothalamic regions of
the brain and increases the variability of individual responses to food
and in doing so adds further complexities in the quest to develop anti-
obesity therapies.
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Figure 1: Hypothalamic physiological function. The hypothalamus plays a role in the regulation of many key physiological processes, including nutrient sensing, energy
homeostasis, cardiovascular function, immune response, reproduction, circadian rhythms, and aging.
4. NUTRITION AND BRAIN DEVELOPMENT

The brain is particularly vulnerable to the effects of obesogenic diets,
especially during early life comprising periods of rapid growth,
maturation, and development [48]. It is believed that a significant
amount of the brain’s ultimate structure and capacity is formed by
three (3) years of age [49,50]. The failure to optimize brain develop-
ment during this critical period can be catastrophic, having long term
consequences that can affect an individual’s learning ability, educa-
tion, job potential, and mental health conditions later in life [49,51].
Compounding matters, it is known that maternal consumption of
obesogenic dietary factors, such as simple sugars or saturated fatty
acids (SFAs) consumed during pregnancy, increases the risk for the
development of obesity in the subsequent generations [48].
Using rodent models, it has been demonstrated that in utero exposure
to such dietary factors affects numerous neurobiological processes,
such as increased neuroinflammation and reduced neurotrophin
mediated regulation of neurogenesis and synaptic plasticity, with
epigenetic mechanisms implicated [48,52]. Maternal consumption of a
high fat diet (HFD) can alter both phenotypic and metabolic status of
the offspring, modifying hypothalamic gene expression [52,53]. These
changes include increased body weight and adiposity and altered
serum glucose and plasma leptin levels, while the hypothalamic neural
MOLECULAR METABOLISM 27 (2019) 1e10 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
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projection formations of HFD-offspring are physically changed with
aberrations in the neural circuitry controlling appetite, increasing the
likelihood of these animals to develop obesity and diabetes later in life
[52,53].

5. DIET-INDUCED HYPOTHALAMIC DYSFUNCTION AND
METABOLIC DISEASES

Hypothalamic neurons contain an abundance of mitochondria, with the
function of this neuronal energy generating circuitry being severely
compromised by obesogenic diets [25]. Diet-induced hypothalamic
inflammation and mitochondrial dysfunction result in the onset and
development of obesity and related metabolic diseases. It has been
shown that feeding a HFD to rats directly causes brain damage
[14,54e57]. Also, SFAs administration results in rapid induction of
neural inflammation [55,58,59], with even a single high-fat meal being
enough to inflict hypothalamic injury leading to impaired nutrient-
sensing and energy balance functions [35,60]. This pro-
inflammatory response is regarded as one of the first causative
steps involved in the onset as well as the maintenance of the obese
phenotype [12,13]. Up-regulation of pro-inflammatory mediators in the
hypothalamus is a hallmark of obesity and constitutes a major
component of leptin and/or insulin resistance (IR) [14].
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Figure 2: Diet-induced hypothalamic dysfunction. Increased consumption of obe-
sogenic diets high in saturated fatty acids and simple sugars leads to hypothalamic
inflammation and mitochondrial dysfunction that causes obesity and metabolic disease.
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Increased SFAs induce immune cell activation and can elicit an in-
flammatory response that affects the peripheral organs and tissues
such as adipose, liver, pancreas, skeletal muscle, and heart [12,61].
The innate immune response is mediated through toll-like receptors
that activate two different transcription factors, Nuclear factor kappa B
(NFkB) and activator protein-1, which, in turn, upregulate the
expression of pro-inflammatory mediators such as cytokines, like
interleuken-1b, interleuken-6, tumour necrosis factor-alpha, and
chemokines, like chemokine ligand 2 and C-X-C motif 10 [12,13]. It is
noteworthy that some controversy exists regarding the involvement of
toll-like receptors in the susceptibility to HFD-induced obesity. In a
recent study performed by Dalby and colleagues, it was demonstrated
that the hypothalamic inflammatory response was independent of
TLR4 signaling [62], which was contrary to several previously reported
findings [57,63]. Furthermore, it has been shown that SFAs are not
specifically TLR4 agonists but that SFA-induced inflammation is indi-
rectly controlled by TLR4 receptors through the alteration of macro-
phage lipid metabolism [64].
Fructose, one of the world’s most abundantly consumed sugars [65],
contributes to IR, much in the same manner as fat [66]. It is metab-
olized by the liver to triglycerides, which then increase in circulation
and contribute to the development of hypertension in rats [67,68]. The
overconsumption of unhealthy diets causes mitochondria to be over-
loaded with fatty acids and glucose, leading to elevated acetyl-CoA and
NADH production and increasing the number of electrons able to
occupy the intermembrane space, thereby producing excessive reac-
tive oxygen species (ROS), leading to the onset of oxidative stress and
activation of several TFs that drive inflammation [33].
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Oxidative stress and inflammation are major contributors to cellular
senescence, which prevents cell proliferation and results in excessive
ROS production and the secretion of inflammatory molecules and
extracellular matrix components that further drive inflammation and
senescence in the surrounding tissues [69]. As a result, there is an
accumulation of cellular damage, reduced activity of protective stress
response pathways resulting in oxidative stress, and a low-grade
systemic inflammatory state leading to the development of age-
related diseases [69]. This obesogenic dietary-induced dysfunction
is depicted in Figure 2.
Since hypothalamic inflammation is regarded as a primary cause of
obesity, it seems logical for this to be the first indicator to be targeted.
It has been suggested that the inhibition of hypothalamic inflammation
improves the central control of glucose homeostasis [70,71]. The
deleterious effects of sustained elevated ROS levels in the perpetuation
of neural inflammation has been described in this review; however,
ROS generated in response to glucose has also been shown to have a
satiety promoting effect via POMC neurons [72e76]. The source of fuel
and duration of stimulation in neuronal ROS generation (i.e. fatty acids
or glucose) play an integral role in determining if the ROS-induced
effect will be beneficial or harmful [72].
It is encouraging that in a study using mice fed a HFD for 8 weeks,
infusing unsaturated FAs directly into the brain appeared to almost
completely reverse hypothalamic inflammation and thereby prevent
obesity [77]. Symptoms of metabolic disease can be reversed using
lifestyle-modification strategies, and more awareness should be made
to draw attention to this important detail. With a global-scale popu-
lation shift in phenotype occurring as a result of increased obesity
prevalence, new therapeutics are urgently required. Plant-based
medications, which can accelerate weight loss could serve as a
cheaper alternative for anti-obesity therapies; many nutraceuticals are
proven to be safe, widely available, and often found to elicit beneficial
effects on disease modulation through affecting several different
mechanisms [78].

6. DIETARY POLYPHENOL THERAPEUTICS

The opportunity for positively influencing the cognitive trajectory
through the promotion of lifestyle modifications has been increasingly
pursued, with the relationship between nutritional habits and brain
health attracting special attention [22]. As such, plant-based diets have
gained popularity for their health-promoting benefits, with diets high in
PPs being associated with reduced incidence of age-related metabolic
diseases [79,80]. More than 8000 PPs have been identified and are
found in fruit, vegetables, teas, chocolates, herbs and spices [81].
These compounds exist either as free monomers (e.g., quercetin and
catechin) or oligomers (e.g., proanthocyanidins) [82]. The chemical
structure of several PPs is depicted in Figure 3.
The increased consumption of PP-rich diets has been associated with
a lower incidence of cardiovascular disease, cancer, neurodegen-
erative diseases, and psychiatric disorders [82]. The prevalence of
neurodegenerative diseases has risen globally [83], and diseases like
Alzheimer’s and Parkinson’s, characterized by an increased in-
flammatory state [84,85], remain without a cure. Therefore, PPs
could hold tremendous benefit in the treatment and prevention of
these diseases [86].
Several dietary PPs exhibit the potential to cross the BBB and promote
brain health due to the efficacy in protecting neurons against oxidative-
stress induced injury, suppressing neuro-inflammation, which is
achieved through counteracting neurotoxicity and neurodegeneration
[22,87]. Inflammation is not limited to the hypothalamus, affects other
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Figure 3: Polyphenol chemical structure. PPs are characterized by diverse phenolic structural features, which contribute to significantly varied physiochemical properties and
functionalities.
brain regions, and is believed to be linked to the increased prevalence
of neuropsychiatric symptoms [88]. The interplay between obesity and
mood disorders facilitate the development of both these conditions,
and increase the risk of additional metabolic and cardiovascular
complications [89].
Interestingly, several health benefits of cocoa and dark chocolate have
been reported to be related to neurological and cardiovascular con-
ditions, which has been attributed to the action of PPs [90]. Apart from
lowering the prevalence of metabolic syndrome, PPs also hold promise
as a treatment for mood disorders, particularly depression [82];
however, further research is required. The therapeutic potential of PPs
in mediating obesogenic diet-induced hypothalamic dysfunction will be
further discussed.

7. PP THERAPEUTICS TARGETING HYPOTHALAMIC
DYSFUNCTION

Many different plant phytochemicals have been employed as thera-
peutics and found to be useful in maintaining good brain health through
mitigating inflammation or cellular damage induced by excessive ROS
production [80]. Several studies using animal models and evaluating
the effect of PPs administration on hypothalamic inflammation and
mitochondrial dysfunction are summarized in Table 1.
In one study in which mice were fed HFD for 16 weeks together with
the administration of tea saponin, the result was a decrease in both
pro-inflammatory cytokines and inflammatory signals in the medi-
obasal hypothalamus [91]. This was accompanied by the enhanced
effect of central leptin, which was achieved through restoring phos-
phorylated signal transducer and activator of transcription-3 (STAT-3)
signaling, while also increasing POMC expression in the ARC [91].
Quercetin, a naturally occurring flavonoid known to protect against
oxidative stress and inflammation, induced a reduction in the levels of
MOLECULAR METABOLISM 27 (2019) 1e10 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
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inflammatory cytokines and microglia activation markers in the hy-
pothalamus of HFD-fed obese mice [95]. Similarly, the flavonoid butein
inhibited IKkB/NFkB activation within the hypothalamus and also
attenuated HFD-induced obesity in mice through improved leptin
function [93]. The inhibited inflammatory response was associated
with reduced suppressor of cytokine signaling-3 (SOCS-3) expression,
which is a known negative regulator and integral component in the
development of leptin resistance [93]. Furthermore, the administration
of a grape seed extract containing a high proanthocyanidin content,
which is the most abundant phenolic compound occurring in the hu-
man diet, reduced hyperphagia and improved central and peripheral
leptin resistance by preventing hypothalamic inflammation in rats [96].
The findings of these studies illustrate the potential of these com-
pounds to mitigate diet-induced inflammatory response and hold
promise as anti-obesity therapeutics.
Using a spontaneous hypertensive rat model, which is characterized by
high levels of oxidative stress in the hypothalamic paraventricular
nucleus, a pomegranate extract was able reduce both oxidative stress
and inflammation [94]. The beneficial effects were achieved through
an increase in the intrinsic antioxidant defense system, by the acti-
vation of the adenosine monophosphate-activated protein kinase-
nuclear factor-erythroid 2 p45-related factor 2 (NRF2) pathway [94].
There was also a reduction in mitochondrial superoxide anion levels,
mitochondrial biogenesis as well as an improvement in mitochondrial
dynamics. An improvement in blood pressure and in cardiac hyper-
trophy was also observed [94]. Hypertension is a major risk factor for
global cardiovascular disease morbidity and mortality, of which
approximately 50% of these cardiopathic cases can be attributed to.
Thus, the creation of new therapies using PP compounds could be
useful and should be explored [98,99].
In a study in which green tea extract (GTE) was administered to male
mice fed a HFD diet rich in saturated FAs for 8 weeks, the animals
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Table 1 e Animal studies examining the effect of PPs administration in mitigating hypothalamic dysfunction in diet-induced obesity.

Polyphenols Study objective Biological response References

Tea saponin [10 mg/kg] Examined the effect of tea saponin on obesity,
inflammation, glucose metabolism, and central leptin
sensitivity in obese mice fed a HFD for 16 weeks

Y pro-inflammatory cytokines
Y inflammation
[ leptin sensitivity through [ STAT-3 activation
[ POMC

[91]

Green tea extract [50 mg/kg] Determined the effect of green tea treatment in male
mice fed a diet high in saturated fatty acids for 8
weeks.

[ BW and fat depots, Y glucose tolerance
[ glucose and insulin
Y adiponectin serum levels
[ TLR4, IKBa, NFkB p p50 and IL-6
GTE administration Y hypothalamic inflammation,
thereby attenuating detrimental dietary effects

[92]

Flavonoid: Butein [5 nmol] Determine the effect of IKkB inhibition using butein on
brain glucose and energy metabolism in mice

Y IKkB/NfkB activation
Y SOCS-3 expression, [ leptin transduction.

[93]

Pomegranate extract [150 mg/kg] To investigate the effect of pomegranate extract
administration on a spontaneous hypertensive rat
model, characterized by increased oxidative stress
within the hypothalamus.

Y blood pressure and Y cardiac hypertrophy.
Y oxidative stress and Y inflammation
[ NRF2 pathway activation
Y mitochondrial superoxide anion levels
[ antioxidant defense system
[ mitochondrial biogenesis

[94]

Flavonoid: Quercetin [50 mg/kg] To determine the effects of quercetin on obesity-
induced hypothalamic inflammation in mice, through
examining the inflammatory responses in microglia
treated with saturated fatty acid and/or lipid-laden
microglia-conditioned medium.

Y oxidative stress and Y inflammation
Y inflammatory cytokines
Y microglia activation.

[95]

Grape seed extract:
Proanthrocyanidins [25 mg/kg]

Evaluate the effects of GSPE administered for 21 days
on central and peripheral leptin resistance induced by
the CD in rats.

[ central and peripheral leptin signaling
Y hypothalamic inflammation
Y hyperphagia.

[96]

Tea polyphenols [2 g/L] Determine the potential of tea polyphenols in
modulating circadian rhythms to ameliorate diabetes,
metabolic syndrome and memory disorders in
constant-darkness mice.

Alleviate insulin resistance and disorder of glucose/
lipid metabolism prevented constant darkness induced
memory impairment
Y neuron damage
[ neurotropic factor related gene expression

[97]

Abbreviations: CD, cafeteria diet; GSPE, grape seed proanthocyanidins extract; GTE, green tea extract; HFD, high-fat diet; IKBa, I kappa B alpha; IKkB, inhibitor of nuclear factor
kappa-B kinase subunit beta; IL-6, interleukin-6; NFkB, nuclear factor kappa B; NRF2, nuclear factor (erythroid-derived 2)-like 2; POMC, proopiomelanocortin; SOCS-3, suppressor of
cytokine signaling 3; STAT-3, signal transducer and activator of transcription 3; TLR4, Toll Like Receptor 4.
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exhibited increased body weight and fat depots mass, with impaired
oral glucose tolerance tests, elevated glucose and insulin as well as
decreased adiponectin serum levels [92]. Pro-inflammatory markers
such TLR4, IkBa, NFkB, and Iinterleukin-6 were elevated; however,
concomitant treatment with GTE ameliorated the adverse dietary ef-
fects, partially due to reduced hypothalamic inflammation [92]. In
another study in which mice were subjected to constant darkness,
administration of PPs in tea also had beneficial effects. Treatment
abolished IR and restored lipid and glucose metabolism and prevented
memory impairment by inhibiting neuron damage and increased
expression of neurotrophic factor related genes. It was found that the
protective mechanisms were elicited through modulation of circadian
clock gene transcription and protein expression in the hypothalamus,
as well as the liver [97]. The circadian rhythm allows an organism to
exploit daily environmental changes and food components to adjust
internal rhythms in peripheral tissues or suprachiasmatic nucleus [97].
The circadian clocks generate the circadian rhythms in behavior,
physiology and metabolism, with circadian disruption being associated
with reduced fitness and decreased longevity [100]. This finding is
interesting especially in the context of factors that can disrupt circadian
rhythms, such as reduced sleep, under-exposure to natural light and
Vitamin D deficiencies [101,102]; as such PPs administration could be
useful in this regard.
These studies support a role for PPs for promoting good health out-
comes through modulating the inflammatory response and oxidative
stress in the hypothalamus. With several PPs available that have been
shown to mitigate hypothalamic inflammation and mitochondrial
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dysfunction, and with these respective processes being associated
cellular senescence and aging, the prospect of increasing longevity
particularly through modulation of these hypothalamic processes using
PPs is exciting and warrants further investigation.

8. FUTURE CONSIDERATIONS

Neurogenesis and neuroplasticity are receiving increased attention;
the elucidation of the mechanisms underlying the adaptive response
to environmental stimuli could allow for a means for modification and
thus therapeutic application. It is known that diet-induced obese
mice have decreased neurogenesis within the hypothalamus,
resulting in fewer new neurons while older neurons are retained
[103]. Similarly, neurogenesis within the adult human hypothalamus
is also important and occurs in response to hormonal, nutritional and
mitogenic signals; tanycytes are able to differentiate into anorexi-
genic or orexigenic neurons and thereby control feeding behavior
[104], the manipulation of which, could have great potential in anti-
obesity therapies.
Of interest, neurogenesis also occurs within the hippocampus, a brain
region associated with learning and memory as well as mood, with
modulation of diet-induced neurogenesis emerging as a tool to
improve mental vitality [105]. Dietary restriction has been shown to
improve behavioral outcomes in animal models of neurodegenerative
disorders as well as enhance spatial memory, suggesting this dietary
regiment can increase the brain’s capacity for plasticity and self-repair
[106]. With several studies investigating the effect of PPs on the
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hippocampus and cognitive decline [107e110], it remains to be
investigated whether PPs can influence hypothalamic neurogenesis,
which would have significant consequences.
Another particularly alarming matter is the continued rise in the
prevalence of mental disorders, and the increased occurrence of
neuropsychiatric symptoms, associated with metabolic perturbations
induced through inflammatory mechanisms [89]. In the field of nutri-
tional neuroscience, it has long been known that factors such as hu-
man cognition, behavior, and emotion are intertwined with diet [111].
As such, dietary recommendations have been proposed with the aim to
prevent major depressive disorder [112]. Similarly, PP-enriched diets
have the potential to become medicaments in the field of mental health
after a thorough study of their mechanism of action [113]. While the
benefits of exercise are known for individuals diagnosed with clinical
depression [114], adding PPs to such therapeutics could enhance the
effect of exercise. Some scientists consider PPs to be an exercise
mimetic, with a recent study showing that combining exercise with
administration of grape seed PPs heightened and intensified the in-
dividual metabolic effects of exercise in rats with established IR [115].
Further studies can be done to elucidate whether the combined effects
of high-PP diets in combination with exercise interventions could be
useful in treating inflammatory-related neurological disorders.

9. CONCLUSION

To date, there is no effective therapeutic solution for curing obesity
except for lifestyle modification. Since obesity and related-metabolic
disease prevalence continues to increase, so too will the search for
therapeutics. Plant-based diets high in PPs show great potential as a
treatment in this regard and can prove to be useful in preventing
metabolic disorders by limiting oxidative stress and inflammation
through supplementation even in the event of poor dietary choices. With
the continued increase in the prevalence of neurodegenerative and
psychiatric disorders, cost-effective, functional methods of treatment are
urgently required. PP-enriched diets hold the potential as natural, non-
invasive, largely inexpensive therapeutic compounds that can be valu-
able not only for brain health but also for overall good health outcomes.
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